A study of the effect of technology parameters (sputtering power, substrate temperature and post-deposition annealing) on structural, electrical and optical properties of aluminium-doped zinc oxide (AZO) thin films was carried out. The optimal technology parameters of preparation were found to get necessary properties of AZO thin films for application in solar cells -the high figure of merit (F > 4 Oo/Q), low electrical sheet resistance (Rs < 10 ./square) and high optical transmittance (T > 82%, including the glass substrate).
Introduction
Transparent conducting oxides (TCOs) based on ZnO are promising for application in thin film solar photovoltaic cells (PVCs) and various optoelectronic devices [1, 2] . We investigated the influence of technology on desirable parameters of doped ZnO:Al (AZO) thin films in superstrate configuration of tandem solar cell: the light enters the cell through the glass substrate where two pin absorber thin-film structures are placed between two TCO layers with back metal contact. Upper AZO layer should fulfill several important requirements: high transparency in VIS/near IR solar spectrum; high electrical conductivity; suitable surface roughness and the refractive index has to be as low as possible in order to enhance light scattering and absorption inside the cell; high chemical stability and adhesion to silicon. Moreover, bottom ZnO interlayer between Si and metal (usually Ag or Al) contact is acting as barrier and adhesion layer as well as optical matching layer to metal back contact to improve its reflection of radiation, particularly in near IR region.
Our previous investigation of sputtering has shown the advantage of this technology for preparation of ZnO thin films [3] . The aim of present work has been to find correlations among the technological parameters (sputtering power, substrate temperature and postdeposition annealing) and structural / electrical / optical properties of AZO thin films.
Modeling and simulations
The calculations are performed using first principles pseudopotential method based on the local density approximation. Norm-conserving non local pseudopotentials were generated by the scheme of Troullier and Martins. An energy cutoff of 80 Ry for the plain wave expansion was used. In the calculation, the existence of the spin was ignored. 32 irreducible k points have been chosen to perform the self energy calculations. The direct inclusion of the Zn-3d orbital in core state gives a rather small band gap of 0.796 eV, well bellow the experimental gap of 3.43 eV. For computation we used 32 atom supercell with wurtzite structure as is shown in Fig. 1 (Fig. 2 ). Significant asymmetry of (002) diffraction line when room substrate temperature was used indicates that there is a region with heterogeneous structure at the substrate -film interface (Fig. 2a) . Further energy delivered to the growing film by heating the substrate from RT to 300°C improved the crystallinity of the films (Fig. 2b) . The asymmetry of (002) indicates only unimportant lattice strains. The widths of (002) lines became narrower and dimensions of crystallites growing were from 60 to 120 nm for films deposited at RT and to more than 200 nm for those deposited at higher substrate temperatures. The widths of azimuthal line profiles also decreased from 15 to 3.5°with increasing energy delivered to the growing film during the deposition. This indicates lower declination of individual crystallites from the normal to the substrate (stronger texture). At the highest substrate temperature (300°C) also the other diffraction lines appeared, which is caused by more randomly oriented crystallites of the film. Other authors report the same changes with the temperature [7] . In this case the film loosed its anisotropy. The shift up of the 2-with increasing RF power, as well as substrate and annealing temperatures, is a result of the increase of Al3+ substituents (Al3+ that substitute for Zn2+ in the ZnO lattice) and a reduction of the interplanar distance, which changes the lattice distortion in ZnO:Al films from compressive to tensile lattice stresses. An increase of the RF power and temperature during growth are resulting in the larger grains (growth from 60 to more than 200 nm) and better crystalline structure (no line asymmetry). Post-deposition annealing in the forming gas diminished an asymmetry of (002) diffraction line (Fig. 2c ).
Electrical and opticalproperties
There is an inherent trade-off between how high transparent and low resistive TCO layer is, which is represented by the figure of merit: F = T/R, where T (0 o) is the transparency and R, (Q/square) is the sheet resistance. The higher figure of merit (F > 1) there is the better the performance of the TCO thin film. (Fig. 3b) . After sputtering the significant increase of F from values 6.1 0-2 -4 0/Q to 0.7-7 %/0Q due to annealing was achieved. These changes are corresponding with the decrease of sheet resistance R, from 1550 -23 Q/square to 127 -8 Q/square after annealing, whereas no significant influence of annealing on transparency was observed (Fig. 3c ).
5. Conclusion AZO thin films sputtered at RF power of 800 W, substrate temperature of 200°C and annealed in the forming gas at 400°C showed a highly (002) oriented crystalline structure with the larger grains. The 20 shifts up with increasing RF powers and both substrate/annealing temperatures as a result of the increase of Al3+ substituents and a reduction of the lattice parameter, which changes the lattice distortion in AZO films from compressive to tensile lattice stresses. Optimal substrate temperature could not surpass 200°C and on the other side, an annealing temperature should be higher than 200°C. Desired properties of AZO thin films for solar cell application -the high figure of merit (F > 4 0/ Q), low sheet resistance (R, < 10 Q/square) and the highest transmittance (T > 82%, including the glass substrate) -were obtained in highly oriented AZO films prepared at high values of RF power, optimal substrate and annealing temperatures.
